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In addition of a ow, plasti deformation of strutural glasses (in partiular amorphous silia) is
haraterized by a permanent densiation. Raman spetrosopi estimators are shown to give a
full aount of the plasti behavior of silia under pressure. While the permanent densiation of
silia has been widely disussed in terms of amorphous-amorphous transition, from a plastiity point
of view, the evolution of the residual densiation with the maximum pressure of a pressure yle
an be disussed as a density hardening phenomenon. In the framework of suh a mehanial aging
eet, we propose that the glass struture ould be labelled by the maximum pressure experiened
by the glass and that the saturation of densiation ould be assoiated with the densest paking
of tetrahedra only linked by their verties.
I. INTRODUCTION
The behavior of amorphous silia under high pressure
has been intensively studied in the last deades
1,2,3,4,5,6,7
and has reently motivated an inreasing amount of nu-
merial studies
8,9,10,11,12,13,14,15,16,17
. Silia appears to
be elasti up to around 10 GPa and to exhibit a plasti
behavior at higher pressure. Two features an be empha-
sized at that level: i) in the elasti regime, the ompress-
ibility exhibits a surprising non monotonous evolution
with a maximum at around 2-3 GPa
1,18,19
ii) when un-
loading from the plasti regime a permanent densiation
up to 20 % an be observed
1,2,3,4,5,6,7
. No lear evidene
of alteration of the tetrahedral short range order in this
unloaded state has been observed
5,20
.
Above 25 GPa, a hange from 4-fold to 6-fold oordi-
nation is observed
5
. This 6-fold amorphous seems not to
be quenhable at zero pressure. When unloading downto
zero pressure, no trae of 6-fold oordination is obtained.
Performing X-ray Raman sattering experiments on oxy-
gen K-edge, Lin et al
21
observed a reversible eletroni
bonding transition between 10 and 25 GPa. The lat-
ter was attributed to a fourfold quartz-like to a sixfold
stishovitelike hange of onguration of silia glass. For
P > 25 GPa the densiation proess saturates and af-
ter unloading to ambient, the density level is the one
obtained with a maximum pressure P ≃ 25 GPa18,19.
Questions remain about the nature of the densied
phase and the mehanism of densiation. Reent
studies
17
have proposed the existene of an ativated
ve-fold oordination at high pressure allowing reorga-
nization toward a denser tetrahedral network. In for-
mer studies, in analogy with amorphous ie, Laks
12
has proposed a rst order transition between 2 dier-
ent tetrahedral amorphous phases of silia. This tran-
sition would be kinetially hindered at room tempera-
ture. This idea of poly-amorphism has reeived a lot of
attention
7,14,15,16,22,23,24,25,26
. At this stage it is impor-
tant to separate the known transition at very HP between
a 4-fold amorphous silia and a 6-fold amorphous silia
involving a hange in the short-range order
5,9
from an
additional hypothetial transition at lower P between 2
dierent amorphous phases of tetrahedral silia and in-
volving the medium range order
27
.
The most reent numerial
17
and experimental
7
works
as well as the existene of a ontinuous range of densities
for amorphous silia
6
after return to ambient pressure
seem to rule out this idea of transition between 2 dierent
forms of amorphous tetrahedral silia. However, the orig-
inal observation of Laks remains of interest: perform-
ing moleular dynamis simulations driven in volume
11
,
he noted disontinuities in the pressure signal assoiated
with loal pressure indued mehanial instabilities. The
latter are reminisent of the shear indued mehanial in-
stabilities previously identied in owing liquids
28
. Note
that similar loalized transitions are widely believed to
be the main mehanism of shear plastiity of amorphous
materials
29
and an be assoiated to the vanishing of
one eigenvalue of the Hessian matrix of the interatomi
2potential
30,31
.
In parallel to a strutural study, it may be worth on-
sidering the pressure indued densiation proess in sil-
ia aording to a mehanial perspetive. In partiu-
lar, in the Raman spetrosopi measurements to be pre-
sented below, we will use yles of pressure of inreasing
maxima. This protool will help us to disriminate in
the spetral patterns, modiations due to the reversible
elasti deformation of the network from other ones due
to plasti strutural reorganizations.
We rst present the experimental methods i.e. Ra-
man measurements of silia submitted to pressure yles
and analyze their results in terms of mehanial behav-
ior. Two series of experiments are disussed. In series A
Raman measurements are performed in situ during the
loading and unloading stages of suessive pressure y-
les. In series B Raman measurements are performed ex
situ at ambient pressure before and after pressure yles
of inreasing maximum pressure.
The results of these spetrosopi measurements are
presented in the next setion and disussed in the frame-
work of ontinuum plastiity. The rst series of in situ ex-
periments gives a nie illustration of (densiation) plas-
tiity in the ontext of a silia glass while the seond
series of experiments allows us to follow the evolution of
permanent densiation vs the pressure maximum of the
yle i.e. the density hardening behavior of silia.
We nally give a disussion, rst in terms of mehanial
behavior, then in terms of amorphous struture. These
results are of primary importane in the desription of
the mehanial properties of silia. While silia is daily
used as a alibration sample for nano-indentation mea-
surements, it appears that the mehanial behavior of
this material is not fully desribed. It has been shown
reently
32
that the onstitutive laws available
33,34
whih
do not take hardening into aount fail to fully desribe
the densiation proess indued by an indentation test.
The above data an be used to inlude hardening in a
simple onstitutive law of silia
35
, whih gives a preise
aount for this behavior.
Beyond their interest in terms of mehanial behav-
ior, these results an also be disussed in terms of amor-
phous struture. In partiular, as detailed below, densi-
ation an be regarded as a typial glassy phenomenon,
resulting from a mehanial aging proess. Following this
perspetive, the amorphous densied struture would be
assoiated with the quenh of the struture at high pres-
sure and ould be labelled by a tive pressure in the
very same aeption as a tive temperature an be used
to label a struture obtained by thermal aging.
II. EXPERIMENTAL METHODS
Bars of amorphous silia (Saint-Gobain Quartz IDD)
are shattered into piees. Splinters of harateristi
length of 10 µm are submitted to yles of pressure in
a Sidoine Diamond Anvil Cell (DAC) with a maximum
pressure in the range [1-25 GPa℄. Raman spetra are
olleted with a Renishaw RM 1000 miro-spetrometer
with a Ar
+
-ion 514 nm, 50 mW laser exitation). A small
piee of ruby is introdued together with the silia splin-
ter in order to monitor the pressure level using the shift
of the R1-luminesene band.
Two series of experiments are presented.
• In series A in situ measurements of the Raman
spetrum are olleted all along the ompression
yle. Three yles are presented, The rst one
with Pmax = 7.3 GPa lies in the elasti domain, te
third yle onsists of a ompression up to Pmax =
18 GPa followed by a deompression at 1 GPa, -
nally the last yle onsists of a ompression up to
Pmax = 16 GPa and a diret return to ambient
pressure indued by the breakdown of a diamond.
Methanol is used as a pressure transmitting uid in
this series of experiments (quasi-hydrostati on-
ditions). A detailed presentation of these in situ
experiments an be found in
36
.
• In series B Raman measurements are performedex
situ at ambient pressure before and after eah y-
le of pressure. A series of ompression yles is
presented where the pressure maximum is inreas-
ing from 9 GPa for the rst yle to 25 GPa for
the last yle. In this ase, the pressure transmit-
ting uid is a mix similar to 5:1 methanol-ethanol,
whih ensures hydrostatiity up to 16 to 20 GPa
37
.
The Raman spetrum is measured before loading
and after unloading, the diamond-anvil-ell being
emptied of the transmitting uid.
Figure 1 ontrasts the initial spetrum of a sample
(plain line) and that obtained after a 18 GPa hydrostati
loading (red line).
Between 200 and 750 m
−1
we an identify a main
band at 440 m
−1
. This band is intense, and aeted
by the densiation proess: the band gets narrower and
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FIG. 1: Raman spetra obtained with an amorphous silia
sample before (plain line) and after (dotted line) a 18 GPa
hydrostati loading.
3is shifted to higher wave numbers. This band has origi-
nally been attributed to the symmetri strething mode
of bridging oxygens between two Si atoms and its evo-
lution under densiation to the derease of the inter-
tetrahedral angles Si-O-Si
38
. Reent determinations of
the Raman spetrum from rst priniples
39
have estab-
lished that this broad band originates more likely from
bending motions of oxygen atoms that do not belong to
small rings.
The defet lines D1 and D2, at 492 and 605 m
−1
,
are respetively attributed to the breathing modes of the
four-membered and three-membered rings
13,40,41
. Their
area ratio was previously used in literature as an india-
tor for the variation of the tive temperature
42,43,44
,
whih is assoiated with a slight hange of density. The
eet of pressure seems to be better aounted for by the
shift of the D2 line. As disussed by Polsky et al
45
, this
may be due to pressure indued variations of the Raman
ross setion. The D2 line is of partiular interest sine
it has almost no overlap with the main band. Sugiura et
al.
46
orrelated the position of the D2 line with the ratio
of the sample density ρ to its initial density ρ0. The resid-
ual density evaluated through this relation aounts for
both irreversible and elasti densiation due to residual
elasti strain. However, several works
46,47,48
evidened
that the D2 line position is only marginally sensitive to
residual elasti strains. This orrelation was reently
used to probe the densiation gradient surrounding a
plasti imprint in silia obtained by indentation
32
.
FIG. 2: Sketh of a typial pressure/density urve expeted
in elastoplastiity. A reversible elasti behavior is obtained
up to the elasti limit pressure P
Y
0 . When loading above P
Y
0 ,
plastiity sets in and the (elasti) unloading from P
Y
1 is har-
aterized by a residual densiation. A subsequent loading
at P
Y
2 > P
Y
1 reprodues the previous unloading urve up to
P
Y
1 before plastiity sets in again. The elasti limit has thus
evolved under loading from P
Y
0 to P
Y
1 and P
Y
2 . The knowl-
edge of this density hardening behavior (evolution of the limit
elasti pressure with density at zero pressure) is neessary to
give a proper modelling of plastiity of glasses.
III. RESULTS AND INTERPRETATION
We desribe in the following the experimental results
and give an interpretation in the framework of the elasto-
plasti response of ontinuous media.
A. Continuum mehanis
We rst reall briey the formalism of elasto-plastiity.
Fig. 2 shows the hydrostati stress as a funtion of the
volumetri strain of a medium submitted to pressure. Be-
low a threshold value of pressure P Y0 the material remains
fully elasti and the volumetri deformation is reversible.
When inreasing the pressure beyond threshold, plasti-
ity sets in and an irreversible deformation adds up to
the elasti reversible deformation. When unloading from
P Y1 > P
Y
0 , the material behaves elastially and only the
elasti part of deformation is reovererd. Loading again
to a higher pressure P Y2 > P
Y
1 , we observe the same phe-
nomenology with a ruial dierene: the onset of plas-
tiity has inreased from P Y0 to P
Y
1 . In other words, the
mehanial behavior depends on the history of mehan-
ial loading. The material has experiened hardening
49
whih an be regarded as a mehanial aging. Suh a
behavior is standard for metal shear plastiity and usu-
ally results at the strutural level from the entanglement
or the pinning of disloations by impurities
50
. Metals
however do not exhibit any volumetri plasti deforma-
tion (disloation motion is a volume onserving meh-
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FIG. 3: Raman shift of the main band ωM in the elasti-
plasti regime. Suessive pressure loading and unloading
yles are depited. Filled and empty symbols orrespond
to loading and unloading urves respetively. For a pressure
maximum Pmax = 7.3 GPa, a full reversibility is obtained
(elasti behavior). For a larger maximum pressure Pmax = 18
GPa, a residual shift is obtained after unloading (plasti be-
havior). An additional loading at Pmax = 16 GPa reprodues
the last unloading urve, indiating the inrease of the elasti
limit under loading (hardening).
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FIG. 4: Raman shift of D2 line ωD2 in the elasti-plasti
regime (same onditions as above).
anism). However, irreversible hanges of density are fa-
miliar in soil mehanis and granular materials (dilatany
eet)
51
.
The typial mehanial behavior of a material like silia
glass an be summarized as follows. Before any loading,
the material is elasti up to a threshold whih depends
both on pressure and shear. Using hydrostati pressure p
and equivalent shear stress τ as oordinates, this elasti
threshold orresponds to a ontinuous urve interseting
the two axis. When reahing threshold, if the stress is
inreased, plastiity sets in and the elasti limit is on-
veted to the maximum value of stress experiened by the
material. At marosopi sale, one tries to haraterize
this hardening behavior, relating the evolution of densi-
ation with the pressure maximum. At mirosopi sale,
in the present ase of silia, in absene of a mirosopi
mehanism as well dened as the motion of disloation,
a pending question remains to identify and understand a
strutural signature of density hardening.
B. Elasto-plasti behavior of silia under pressure
In this setion we present the results of in situ raman
measurements (series A). Two patterns of the Raman
spetra measured in situ during the pressure yles are
disussed: i) the shift of the main band ωM ; i) the shift
of the D2 line ωD2.
On Fig. 3 and 4 we show the evolution of the po-
sition of these two bands for a yle of pressure up to
Pmax = 7.3 GPa (blak symbols). We observe a full re-
versibility between loading and unloading. This result is
onsistent with the usual estimate Pc ≃ 10 GPa for the
onset of permanent densiation in silia. The evolution
of these indiators is also plotted on the same gures for
the seond series of yles up to Pmax = 17.9 GPa. We
now see that below Pc ≃ 10 GPa, the same elasti behav-
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FIG. 5: Evolution of the residual densiation vs the max-
imum pressure of the pressure yle (symbols). The dashed
line is an indiative sigmoidal urve orresponding to a 18%
maximum densiation.
ior as before is reovered; then a hange of slope on load-
ing is notieable at least for the position of the main band;
then the unloading urve does not reprodue the initial
loading one and there appears a permanent hange of the
spetrum at ambient pressure; when loading again, one
follows the very last unloading urve. These two urves
appear to be very similar to the ideal ase of hardening
plastiity depited in Fig. 2. This spetrosopi study
allows us to losely follow the elasti-plasti behavior of
silia under pressure.
We now disuss the evolution of permanent densi-
ation after yles of inreasing pressure. Even if the
signal-to-noise ratio is less favorable for the determina-
tion of the D2 line than for the main band (see Fig. 3 vs
Fig. 4), we hoose the former to estimate the permanent
densiation. As disussed above, the main reason for
this hoie is that in ontrast to the main band, the shift
of the D2 line appears to be rather independent of the
elasti stress. This allows us to use it a density probe
in samples aeted by residual elasti stress. Beause of
the mirosopi size of the silia samples used in the di-
amond anvil ell, a quantitative alibration ould not be
performed. Densiation an be obtained on millimetri
samples but require high temperature treatments
6
and it
is far from being obvious that the medium range order
is diretly omparable to the one obtained under high
pressure at ambient temperature. Following Ref.
32
, the
densiation was estimated using the empirial relation:
∆ωD2
ωD2
≃
(
∆ρ
ρ
)0.14
, (1)
whih was extrated from the experimental data of Sug-
iura et al.
46
obtained on shok wave experiments. This
alibration step is thus only approximative.
The results are summarized on Fig. 5. We thus ob-
5tain the evolution of the permanent densiation with
the pressure maximum P Y of eah pressure yle. We
obtain a ontinuous range of inreasing densities with an
apparent saturation. As shown on Fig. 5, this evolution
an be approahed by a sigmoidal urve. Comparable
results were obtained reently on window glass using an
otahedral multi-anvil apparatus
52
. In mehanial terms,
this allows us to give a quantitative aount of the den-
sity hardening behavior of silia. In the spae of stresses,
we have obtained the evolution of the maximum pressure
PY below whih the material remains fully elasti as a
funtion of the glass density.
IV. DISCUSSION
Raman spetrosopi estimators have been shownn to
give a full aount of the density hardening behavior
of silia under pressure. Raman sattering measure-
ments during a loading/unloading pressure yle losely
reprodue the elastoplasti behavior usually observed in
stress/strain urves: full reversibility below a limit stress,
appearane of a residual deformation with an elasti un-
loading for larger stresses. A ruial dierene obviously
lies in the fat that in the present study the evolution of
hydrostati pressure vs density is onsidered instead of
shear stress vs shear strain as in usual metal plastiity.
From a mehanial point of view, the detailed analysis of
the density inrease with the maximum pressure of the
yle allowed us to study the evolution of the residual
densiation with the elasti limit pressure P Y . Suh a
knowledge is of ruial importane for the determination
of onstitutive equation modelling the plasti behavior
of silia. It was shown in Ref.
32
that when restriting
the plasti riterion to perfet plastiity (i.e. assuming
no hardening eet) it was not possible to aount for
the permanent densiation of amorphous silia around
a plasti imprint indued by indentation. Conversely, as
shown in Ref.
35
the assumption of an ellipti plasti rite-
rion oupling shear stress and pressure together with the
data of density hardening extrated from the present ex-
periments allow to desribe suessfully this phenomenon
of indentation indued densiation.
From a physial/strutural point of view, the present
results suggest that the desription of densied silia need
not the hypothesis of an amorphous-amorphous tran-
sition between two types of tetrahedral networks. A
simpler and alternative senario onsists of pressure in-
dued reorganizations of the amorphous network allowing
a more eient paking of tetrahedra remaining linked
by their verties only. Suh a senario does not ex-
lude the ourene of 5-fold or 6-fold oordinated sil-
ia in the plasti regime at high pressure. However, the
latter would orrespond to intermediate states between
two amorphous tetrahedral strutures. This ourrene
of 5-fold or 6-fold oordination would thus simply denote
the neessity of utting and rebonding between the two
strutures. The denser struture would thus be quenhed
when pressure dereases down to ambient onditions. In
that sense, the nal struture ould be labelled by the
maximum pressure the material experiened. In this
ontext of mehanial aging, the latter pressure ould
be thought of as a tive pressure in the same aep-
tion as the tive temperature in a more lassial ther-
mal aging experiment. Note that these denser strutures
may be aeted by internal stresses due to the sues-
sion of loalized reorganizations. More generally, these
results indiate that the struture and the density of a
densied sample of vitreous silia will depend ruially
on the partiular path it has followed in the plane pres-
sure/temperature : it is likely that the medium range
sruture of densied silia is not fully haraterized by
the only density parameter.
Looking nally at orders of magnitude for the density
of the various phases of silia, we observe that the den-
sity of the stable rystalline equivalent at zero pressure
(quartz) is 2.65 while the density of the metastable o-
esite (stable at 2-3 GPa) is 3.01. The density of fused
silia being 2.2, a 20% inrease gives 2.64 i.e values lose
to quartz but well below oesite. In analogy with hexag-
onal and random lose paking, an interesting question
ould thus be whether the maximum observed density of
amorphous silia orresponds to any geometrial maxi-
mal paking of tetrahedra bonded by their verties only
i.e. the maximum density of the ontinuous random net-
work. To our knowledge, though the paking of spae
by tetrahedra, or ellipsoids has been onsidered
53,54
, this
question has not been disussed yet.
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